Rationale: Several studies in mild chronic obstructive pulmonary disease (COPD) have shown a higher than normal ventilatory equivalent for carbon dioxide (V : E/V : CO 2 ) during exercise. Our objective was to examine pulmonary gas exchange abnormalities and the mechanisms of high V : E/V : CO 2 in mild COPD and its impact on dyspnea and exercise intolerance.
Chronic obstructive pulmonary disease (COPD) is increasing in prevalence worldwide, and the vast majority of patients have mild airway obstruction by spirometric criteria (1) (2) (3) (4) (5) . Such patients have increased all-cause mortality and reduced health-related quality of life, exercise capacity, and habitual physical activity (6) (7) (8) (9) (10) . Moreover, a subset (29-44%) of these patients reports persistent and troublesome activityrelated dyspnea (3, 11) . Several studies have attested to the heterogeneous pathophysiological abnormalities that can exist in smokers with largely preserved spirometry (12) (13) (14) (15) . Most of the more recent studies have focused on the potential role of peripheral airway dysfunction and abnormalities of dynamic respiratory mechanics in dyspnea causation and exercise intolerance in mild COPD (14) (15) (16) (17) (18) .
The current study extends the previous work by primarily examining the abnormalities of pulmonary gas exchange that drive the increased total (minute) ventilation during exercise (14) (15) (16) (17) (18) (19) .
A seminal study by Barbera and colleagues showed that in patients with mild-to-moderate COPD, the alveolar-arterial oxygen tension gradient (A-aPO 2 ) was increased at rest and during exercise (20) . The investigators further demonstrated that arterial oxygenation improved at a standardized submaximal exercise work rate as a result of increased and improved distribution of ventilation. In that study, comparison with a healthy control group was not undertaken to account for the established effects of aging on pulmonary gas exchange. Moreover, the potential role of increased wasted ventilation and its interaction with dynamic respiratory mechanics and dyspnea were not formally examined (20) . More recently, Rodríguez-Roisin and colleagues confirmed widened A-aPO 2 during resting breathing and predominance of lung units with low ventilation-perfusion (V : A/Q : ) ratios in the majority of a subsample (n = 15) of patients with Global Initiative for Chronic Obstructive Lung Disease (GOLD) stage 1 mild COPD (21) .
Given the evidence of increased lung compliance, early airway closure, extensive peripheral airway dysfunction, and maldistribution of ventilation in smokers with nearly preserved spirometry (17, 22, 23) , it is not surprising that an increased proportion of lung units with low V : A/Q : ratios is thought to be the dominant gas exchange abnormality in mild COPD (21) . However, several exercise studies in mild COPD point to consistent abnormalities of surrogate measures of ventilatory efficiency derived from analysis of V : E-V : CO 2 relationships (15) (16) (17) (18) (19) . Thus, the V : E-V : CO 2 slope and nadir of the ventilatory equivalent for carbon dioxide (V : E/V : CO 2 ) during submaximal exercise were consistently higher than in age-matched healthy control subjects (15) (16) (17) (18) (19) . This is compatible with an increased dead space to tidal volume ratio (VD/VT), alterations in the set point for Pa CO 2 , or both (24) .
The clinical importance of ventilatory inefficiency during exercise is increasingly recognized in various cardiopulmonary diseases (25) (26) (27) (28) . In this context, studies have shown that, in contrast to the situation in congestive heart failure, the usefulness of surrogate measures of ventilatory efficiency derived from the V : E-V : CO 2 slope is limited as mechanical constraints increase with ORIGINAL ARTICLE increasing disease severity in COPD (19, 29) . However, these interpretative problems may not apply to mild COPD, in which mechanical derangements are less pronounced.
To date, no study has examined the mechanisms and clinical consequences of a high V : E/V : CO 2 ratio, measured directly or calculated using the mass balance equation for CO 2 [863/Pa CO 2 3 (1 2 VD/VT)], during exercise in mild COPD. Moreover, the potential interactions between the higher ventilatory demand, abnormal dynamic respiratory mechanics, dyspnea, and exercise tolerance have not been explored in this population. Accordingly, the main objective of the current study was to examine pulmonary gas exchange abnormalities during steady state stages of incremental exercise to tolerance in patients with symptomatic mild COPD and to determine whether the physiological adaptations required to maintain arterial blood gas homeostasis had negative clinical consequences in terms of dynamic respiratory mechanics, increased dyspnea, and exercise intolerance.
Methods

Subjects
Eleven stable patients meeting GOLD grade 1B criteria were included (5). Other inclusion criteria were as follows: age 50 years or older, and a smoking history of at least 10 pack-years. Exclusion criteria were as follows: the presence of asthma; other medical conditions that could contribute to dyspnea or exercise limitation; contraindications to exercise testing; use of daytime oxygen; body mass index less than 18.5 or greater than 35 kg/m 2 . Eleven age-matched, nonsmoking healthy control subjects were studied for comparison.
Study Design
This cross-sectional study received ethics approval from the Queen's University and Affiliated Teaching Hospitals Research Ethics Board (DMED-1458-12). After written informed consent was obtained, subjects completed two visits. Visit 1 included screening for eligibility, medical history, and symptom and activity assessment questionnaires (30) (31) (32) (33) (34) ; preand post-bronchodilator (400 mg salbutamol) pulmonary function tests; tests of small airway function; and an incremental cycle cardiopulmonary exercise test (CPET) for familiarization. Visit 2 included spirometry followed by incremental cycle CPET with detailed measurements of ventilatory, sensory-perceptual, and arterial blood gas responses. Subjects with COPD withdrew short-and long-acting bronchodilators for 6 and 24 hours before visits, respectively. A high-resolution computed tomography (HRCT) scan of the thorax was performed in patients with COPD for quantitative assessment of the extent of emphysema (35) .
Procedures
Detailed pulmonary function tests were performed (Vmax229d and Autobox V62J; MasterScreen impulse oscillometry system [IOS]; SensorMedics, Yorba Linda, CA) (23, (36) (37) (38) (39) . CPET was conducted on an electronically braked cycle ergometer (Ergoline 800s; SensorMedics, Yorba Linda, CA) using a SensorMedics Vmax229d system as previously described (15) . Tests consisted of steady state rest followed by 20-W increases in work rate every 3 minutes (i.e., for steady state or near steady state) to symptom limitation. Measurements included standard breathby-breath cardiorespiratory and breathing pattern parameters, oxygen saturation by pulse oximetry (Sp O 2 ), heart rate (HR) by ECG, and dynamic operating lung volumes calculated from inspiratory capacity (IC) maneuvers (15) . Expiratory flow limitation (EFL) was evaluated as the percentage of VT overlapping the maximal expiratory flow-volume loop (15, 17) , and dyspnea intensity was assessed with the modified 10-point Borg scale.
An index of ventilatory efficiency was calculated using the mass balance equation for CO 2 ratio at standardized work rates and at (27, 40) . All measurements were taken while breathing ambient air.
Arterial blood samples were withdrawn anaerobically at rest, at every stage of exercise up to 80 W, and at peak exercise, and then analyzed immediately after each test (ABL800 FLEX; Radiometer, Copenhagen, Denmark). Measurements were corrected for body temperature measured by a rapid response wired thermocouple placed in the arterial line (IT-18 with TH5 thermometer; Physitemp, Clifton, NJ). A-aPO 2 was estimated using the ideal alveolar gas equation: VDm is the volume of the breathing valve and mouthpiece.
Statistical Analysis
This was an observational physiological study with the main outcome measures consisting of V : E/V : CO 2 , VD/VT, and other blood gas measurements during exercise. Because of the complexity and invasiveness of measurements, a planned analysis was undertaken after 11 subjects per group had been tested. In two previous studies incorporating arterial blood gas measurements in patients with COPD at our laboratory (41, 42) , this sample size was large enough to detect significant differences in relevant gas exchange variables.
A P , 0.05 level of significance was used for all analyses. Qualitative descriptors of dyspnea and reasons for stopping exercise were compared between groups by Fisher exact test. Unpaired t tests were used to compare group differences in (1) pulmonary function tests and measurements of small airway function; and (2) dyspnea intensity and cardiorespiratory, metabolic, gas exchange, and operating lung volumes at rest and during isowork rates and peak exercise.
Results
Groups were well matched for age, height, mass, and body mass index. Patients had worse activity-related dyspnea, higher COPD Assessment Test scores, and poorer health-related quality of life compared with control subjects (Table 1) . None of our patients was treated for angina, previous myocardial infarction, or congestive heart failure. Comorbidities in the COPD group included well-controlled hypercholesterolemia (n = 5), gastroesophageal reflux disease (n = 5), systemic hypertension (n = 4), obstructive sleep apnea (n = 3), chronic sinusitis (n = 3), and diabetes mellitus type 2 (n = 1). Chest HRCT scans revealed 15 6 11% of the patients' lungs as low-attenuation areas (less than -950 HU).
Pulmonary Function and Small Airway Function
Pulmonary function tests are summarized in Table 2 . Patients with COPD had relatively preserved spirometry with no significant response to a bronchodilator (FEV 1 improved by 79 ml and 5%). Patients had evidence of small airway dysfunction (e.g., reduction in maximal mid-expiratory flows Maximal voluntary ventilation (MVV) was similar in both groups. In COPD, DL CO and DL/VA (DL CO corrected for alveolar volume) were near normal relative to predicted values but significantly lower compared with control subjects (P , 0.05).
Cardiopulmonary Exercise Test and Gas Exchange Measurements
Arterial blood data are summarized in Table 3 and Figure 1 . At rest, arterial blood gases and parameters of acid-base balance were all within normal ranges; however, patients had a lower resting Pa O 2 and modestly lower oxygen saturation (Sa O 2 ) compared with control subjects (Table 3 and Figure 1) . The average resting A-aPO 2 was significantly higher in patients with mild COPD than in control subjects, and 6 of 11 patients with COPD had values greater than 15 mm Hg. Compared with control subjects, patients with COPD had a significantly higher V : E/V : CO 2 ratio, dead space ventilation (V : D), dead space volume (VD), VD/VT, and arterial to end-tidal CO 2 difference (Pa-ET CO 2 ) at rest (all P , 0.05) (Figure 2 and Table 3 ).
Measurements at peak exercise are summarized in Table 4 . Patients with COPD had significantly reduced peak work rate and peak V : O 2 compared with control subjects. HR responses were higher in patients versus control subjects during exercise, but both groups reached a similar peak (see the online supplement). Increased V : E during exercise in COPD compared with control subjects (Figure 2 ) was achieved by increased breathing frequency; tidal volume (VT) responses were similar for a given work rate in both groups up to an inflection/plateau seen late in exercise in COPD (Figure 3 ). This VT inflection point occurred at a lower V . Arterial blood data during incremental cycle exercise in patients with mild chronic obstructive pulmonary disease (COPD) and age-matched healthy control subjects. Values represent means 6 SEM. *P , 0.05, patients with mild COPD versus healthy control subjects at rest, at standardized work rates, or at peak exercise. A-aPO 2 = alveolar-arterial oxygen tension gradient; Pa-ET CO 2 = arterial to end-tidal CO 2 difference; PET CO 2 = partial pressure of end-tidal CO 2 .
compared with control subjects (Figure 3 ). Both groups had a similar IC and inspiratory reserve volume (IRV) at submaximal work rates up to 60 W and reached a similar low IRV at end-exercise; however, at a lower peak work rate in patients with COPD ( Figure 3 ). In addition to having greater dynamic hyperinflation (reduction in IC from rest) during exercise, patients with COPD had significantly greater EFL than control subjects at the highest submaximal work rate achieved by all subjects (60 W) and at peak exercise (Table 3) . CO 2 relationships expressed as slope, intercept, and nadir were higher in patients with COPD than control subjects: 31.9 6 5.3 versus 26.3 6 1.3, 4.5 6 1.1 versus 3.1 6 1.2, and 33.6 6 4.7 versus 26.0 6 1.1, respectively (all P , 0.05). Accordingly, the partial pressure of end-tidal CO 2 (PET CO 2 ) was consistently lower at rest and throughout exercise in patients with COPD compared with control subjects. Patients increased their Pa O 2 significantly by 11 6 10 mm Hg (P = 0.005) from rest to peak exercise ( Figure 1 ). Pa CO 2 and alveolar ventilation (V : A) were similar in both groups throughout exercise; however, Pa CO 2 tended to be lower in patients than control subjects. Sa O 2 was lower in patients than control subjects at all submaximal work rates, but there was no significant change from rest-to-peak exercise (Figure 1) . A-aPO 2 was significantly higher in patients at all submaximal work rates compared with control subjects, but both groups had similar values at peak exercise (Figure 1 ). Arterial lactate concentration was similar in both groups at rest and at all submaximal work rates; however, healthy control subjects reached significantly higher levels at peak exercise (Table 3) . Although the anaerobic threshold was not statistically different between groups, it tended to occur at a lower V ORIGINAL ARTICLE (Figure 4 ). The index of ventilatory efficiency also correlated better with exercise measurements of VD/VT (r = 0.789, P , 0.001) than with Pa CO 2 (r = 0.631, P , 0.001) (see the online supplement).
Patients with COPD had greater dyspnea intensity ratings at all submaximal work rates compared with control subjects ( Figure 5) ; there was no significant difference between groups in ratings of exertional leg discomfort. Dyspnea intensity ratings relative to V : E expressed as a percentage of MVV were superimposed ( Figure 5 ). Unsatisfied inspiration was a predominant description of dyspnea at peak exercise in patients with COPD (see the online supplement).
Discussion
The main findings of this study are as follows: (1) physiological dead space and wasted ventilation were greater in patients with mild COPD than in healthy control subjects both at rest and during exercise; (2) our results confirmed that arterial blood gas homeostasis was adequately maintained during incremental exercise in patients as a result of compensatory increases in minute ventilation; and (3) the higher ventilatory demand in the setting of EFL forced earlier mechanical constraints on tidal volume expansion and was associated with earlier onset of severe dyspnea in the mild COPD group. The results indicate that the presence of wasted ventilation in patients with peripheral airway dysfunction can have important clinical consequences, particularly as it relates to dyspnea and physical activity limitation.
In our patients with mild COPD, arterial blood gases at rest were within the normal range, as were indicators of acid-base balance. However, resting Pa O 2 and O 2 saturation were significantly lower than in control subjects. In keeping with previous studies (20, 21) , average resting A-aPO 2 , a measure of venous admixture, was significantly increased compared with control subjects at rest, and 6 of 11 patients with COPD had gradients exceeding 15 mm Hg (21) . A more consistent abnormality was that the resting V : E/V : CO 2 ratio and V : D were significantly elevated compared with control subjects. Collectively, these abnormalities point to the presence of a "dead space effect" due to regional alveolar units being overventilated relative to their blood flow (24) . In fact, dead space or wasted ventilation was the dominant gas exchange abnormality and represented almost 40% of total V : E at rest in mild COPD compared with 28% in control subjects. However, despite gas exchange abnormalities in COPD at rest, effective V : A and normal arterial blood gas homeostasis were sustained during incremental exercise when V : O 2 increased sixfold.
Consistent with several studies in mild COPD (15) (16) (17) (18) (19) , the V ratio was closely associated with established indices of wasted ventilation during exercise such as increased VD/VT. It is noteworthy that the higher VD/VT ratio did not reflect a lower VT in patients (Figure 3) , that is, VD per se was higher in patients with COPD than in control subjects. The observation that physiological dead space was higher in patients is in line with a higher Pa-ET CO 2 . In fact, average Pa-ET CO 2 remained positive during exercise, that is, PET CO 2 failed to increase in tandem with the expected increase in pulmonary blood flow. Reduced pulmonary blood perfusion (relative to ventilation) might be expected, for example, with decreased pulmonary capillary density or blood flow and attenuated vessel recruitment and distension as cardiac output increased with exertion (43) (44) (45) . Increase in lung units with high V : A/Q : ratios may be exaggerated in smokers as a result of pulmonary vascular inflammation and remodeling due to direct effects of tobacco smoke as described in patients with mild COPD (12, 43, 45) .
In the current study, we could not quantify the relative contribution of altered Pa CO 2 set point to the increased V : E/V : CO 2 in COPD (46, 47) . However, correlations between the V : E/V : CO 2 ratio and VD/VT were stronger throughout submaximal exercise (i.e., below the anaerobic threshold) than those with Pa CO 2 ( Figure 4) . We did not examine potential long-term adaptations of the respiratory controller, which are known to affect V : E/V : CO 2 . However, there was no evidence of chronic compensated respiratory alkalosis in our patients with mild COPD (Table 3) . Clinically significant arterial O 2 desaturation was not observed during exercise in patients but, as previously shown (20, 21) , A-aPO 2 was higher compared with control subjects during submaximal exercise. The increased gradient at lower exercise intensities before the ventilatory threshold reflected the relatively reduced Pa O 2 in mild COPD. However, at higher exercise intensities the increased gradient was mainly due to the relatively increased V :
A. Barbera and colleagues (20) provided evidence that the increase in Pa O 2 during exercise in mild to moderate COPD was the result of increased and more efficient distribution of ventilation rather than improved hemodynamic responses. Our finding that VD/VT declined during exercise to a similar extent in both groups also supports the idea that overall V : A/Q : adaptations to the stress of increased metabolic loading were not compromised to a greater extent in our COPD group compared with control subjects. Breathing pattern showed greater breathing frequency in patients with COPD than in control subjects, with significantly shorter TI and TE and correspondingly higher mean inspiratory and expiratory flows (Figure 3 ). The greater reliance on increasing breathing frequency (rather than increasing VT) to increase V : E in response to intrinsic dead space loading in COPD may represent an integrative response of the respiratory system's central controller to reduce elastic loading of the respiratory muscles, facilitate CO 2 elimination, and minimize respiratory discomfort (48) .
Although peripheral airway obstruction was undoubtedly present in our patients, dynamic ventilatory constraints became evident only at higher exercise intensities. Thus, mild dynamic hyperinflation (by 0.16 L from rest to end-exercise) occurred as a result of the combination of the higher ventilatory requirements (due to higher physiological Mild COPD Healthy Control Figure 3 . Breathing pattern and operating lung volume responses to incremental cycle exercise in patients with mild chronic obstructive pulmonary disease (COPD) and age-matched healthy control subjects. Values represent means 6 SEM. *P , 0.05, patients with mild COPD versus healthy control subjects at rest, at standardized work rates, or at peak exercise. Fb = breathing frequency; TE = expiratory time; TI = inspiratory time; VT/TE = mean expiratory flow; VT/TI = mean inspiratory flow.
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dead space) and increased EFL, which constrained normal VT expansion at higher exercise intensities. It follows that patients reached a VT inflection/plateau and a similar minimal IRV (<1 L below TLC) to control subjects but at a significantly lower work rate and V : E ( Figure 3 ; and see the online supplement). Remarkably, despite these dynamic respiratory mechanical constraints and the adoption of a more rapid breathing pattern, the net ventilatory compensatory response to combined effects of intrinsic dead space loading and metabolic acidosis was adequate to ensure normal CO 2 elimination even at the peak of exercise. The relatively greater V : E in COPD was not without negative consequences: dyspnea ratings were higher in association with greater V : E/MVV, a measure of the ventilatory demand-capacity imbalance. Thus, at a standardized work rate (60 W), dyspnea ratings were significantly higher, by close to 2 Borg units in COPD, reflecting a concomitantly (18%) higher V : E/MVV ( Figure 5 ). This finding is in line with an article on mild COPD that shows a close relationship between dyspnea intensity and increased respiratory neural drive (relative to maximum) during exercise, as indirectly measured by electromyography of the diaphragm (13) . However, the higher dyspnea ratings in mild COPD are unlikely to be due to the higher ventilation per se. In this context, previous studies have shown that the addition of an extrinsic dead space (0.6 L) to the breathing circuit of healthy older control subjects during exercise consistently stimulated ventilation (by increasing VT) but did not increase dyspnea (14, 49) . By contrast, added dead space of similar magnitude in patients with mild COPD, who had a limited ability to expand VT, significantly amplified dyspnea intensity (14) . It follows that the increased respiratory neural drive, reflecting increasing V : CO 2 from combined metabolic and pulmonary compartments (apparent V : CO 2 ) (27), forced earlier critical mechanical constraints on increasing ventilation in the setting of increased EFL in COPD. Thus, it is the interaction between the increased drive and the constrained mechanical response that explains the greater dyspnea in patients with COPD. The more frequent selection of the qualitative descriptor "unsatisfied inspiration" at end-exercise in the mild COPD group than in control subjects is consistent with this hypothesis as previously described (50) .
Limitations
The study sample was necessarily small given the invasive nature of the testing but was sufficiently large to uncover significant physiological differences in the parameters of interest between the groups. Given the heterogeneous nature of the physiological impairment in mild COPD and variability in the degree of chronic dyspnea, our sample may not be representative of the larger population. Nevertheless, the study was sufficiently powered to investigate the origins of increased V : E/V : CO 2 in symptomatic mild COPD, a consistent abnormality in all of the exercise studies conducted to date in this population (15) (16) (17) (18) (19) . The current study did not evaluate potential adaptations to ORIGINAL ARTICLE pulmonary gas exchange impairment by the cardiocirculatory system, the peripheral muscles (O 2 delivery/use), or the autonomic nervous system.
Conclusions
This study is the first to show increased wasted ventilation in smokers with only minor spirometric abnormalities.
Compensatory increases in V :
E maintained effective V :
A and arterial blood gas homeostasis during exercise but at the expense of forcing earlier dynamic respiratory mechanical constraints and greater respiratory discomfort. Thus, the results of this study uncovered an important source of exertional dyspnea in mild COPD (increased ventilatory inefficiency and demand) that is not widely appreciated and not necessarily amenable to bronchodilator therapy. The study provides a physiological rationale for clinical exercise testing, which includes simple surrogate measures of ventilatory efficiency such as the V inequalities in mild COPD, with particular reference to the nature and extent of pulmonary perfusion abnormalities which could potentially be targeted for treatment. n E/MVV. Circles represent the points at the highest equivalent work rate (60 W): the mean difference in dyspnea intensity at 60 W between patients with mild COPD and age-matched healthy control subjects was 2 Borg units (P = 0.01). Values represent means 6 SEM. *P , 0.05, patients with mild COPD versus healthy control subjects at rest, at standardized work rates, or at peak exercise. V ORIGINAL ARTICLE
